A protein kinase was extensively purified to near-homogeneity from wheat germ by a procedure involving affinity chromatography on caseinSepharose 4B, gel filtration, and repeated chromatography on carboxymethyl-Sepharose CL-6B. The protein kinase preparations have the highest specific activities (up to 656 nanomoles phosphate incorporated per minute per mill of protein) yet reported for plant protein kinases. The major polypeptides in purified preparations were revealed as two barely-resolved bands (molecular weight 31,000) on polyacrylamide gel electrophoresis in subunit-dissociating conditions. The molecular size of the protein kinase as determined from gel filtration is 30,000. The protein kinase catalyzes the phosphorylation of casein, phosvitin, and the wheat germ cyclic AMPbinding protein cABPII but not of bovine serum albumin and histones nor of the wheat germ cytokinin-binding protein CBP. The protein kinase has a pH optimum of 7.9 and a K. value for ATP of 10 micromolar. The protein kinase differs from wheat germ CBP kinase in molecular weight, differential sensitivity to inhibitors, and in substrate specificity.
. Two casein-phosphorylating protein kinases (mol wt 39,000 and 120,000) have been purified to apparent homogeneity from soybean cotyledons (6) , and electrophoretic homogeneity has ' Supported by a grant from the Australian Research Grants Committee.
also been obtained for a wheat germ protein kinase (22) . This latter enzyme preparation phosphorylates casein and phosvitin, contains an approximately 20,000 D subunit, and has a specific activity of 215 nmol/min-mg protein (22) . This enzyme differs from another wheat germ casein-phosphorylating protein kinase, CBP kinase, in not phosphorylating the wheat germ cytokininbinding protein CBP (16) . The present paper describes the purification and properties of a further wheat germ casein-phosphorylating kinase that differs in many properties from the protein kinase purified by Rychlik and Zagorski (22) and is distinct from CBP kinase (16) in not phosphorylating CBP.
MATERIALS AND METHODS
Protein and Protein Kinase Assays and Electrophoresis. Protein kinase was assayed routinely with 100 ,ug dephosphorylated casein as substrate as described previously (16) . Protein was determined by the Folin procedure (9) using crystalline BSA as a standard or by measuring Amo. Electrophoresis in 0.1% SDS-10%o (or 15%) polyacrylamide slab gels, hydrolysis of 32P-labeled protein, and high-voltage electrophoresis of phosphorylated amino acids were conducted as described previously (16) .
Plant Material and Chemicals. Raw wheat germ and chemicals were obtained as described previously (16) . CM-Sepharose CL-6B was obtained from Pharmacia Fine Chemicals AB. cABPII was purified to homogeneity as described previously (15) . BSA, dephosphorylated casein (partially hydrolyzed and dephosphorylated for protein kinase studies), calf thymus histones (Sigma type II-A), wheat seed a-amylase inhibitor, and wheat germ lectin were obtained from Sigma Chemical Co. CBP and CBP kinase were purified, and casein was coupled to cyanogenbromide-activated Sepharose 4B as described in the accompanying paper (16) .
Purification of Casein Kinase. All purification steps were conducted at 0 to 4°C. Wheat germ (500 g) was suspended in 1.8 L of 50 mM Tris (Cl-, pH 8.0) (buffer A) containing 0.1 M NaCl and homogenized for 5 min at top speed with an Ultra-Turrax blender (Janke and Kunkel, Staufen, West Germany). The homogenate was filtered through muslin, and the filtered homogenate was centrifuged at 16,000g for 45 min. The resulting supernatant was filtered through Miracloth, and the filtered supernatant was added to about 200 ml bed volume of casein-Sepharose 4B (3.5-4.4 mg casein bound/g wet weight of gel) in 0.1 M NaCl-buffer A. The suspension was stirred intermittently over 15 min and then washed on a sintered glass funnel with about 2 L 0.1 M NaCl-buffer A. The washed gel was resuspended in 0.1 M NaCl-buffer A and packed in a column (16 cm2 x 12 cm). The column was eluted stepwise with about 1 L 0.2 M NaCl-buffer A followed by about 200 ml 0.5 M NaCl-buffer A to elute the casein kinase. The protein 2Abbreviations: CBP kinase, wheat germ protein kinase phosphorylating CBP; CBP, wheat germ cytokinin-binding protein; cABPII, wheat germ 3',5'-cyclic AMP-binding protein II.
Plant Physiol. Vol. 71, 1983 kinase solution was concentrated to 6 ml by ultrafiltration using an Amicon UM1O filter. The concentrated protein kinase solution was applied to a column (4.9 cm2 x 70 cm) of Ultrogel AcA 34 equilibrated with 0.25 M NaCl-buffer A, and the protein kinase was eluted with the same buffer. The high specific activity protein kinase fractions from gel-filtration on Ultrogel AcA 34 were pooled. The pooled protein kinase solution was diluted 2.5-fold with buffer A (to give 0.1 M NaCl, final concentration), made 2 ,UM with respect to ATP, and then was applied to a column (5 cm2 x 6 cm) of CM-Sepharose CL-6B equilibrated with 0.1 M NaClbuffer A containing 2 Mm ATP. The CM-Sepharose CL-6B column was washed with about 100 ml of 0.1 M NaCl-buffer A-2 ,UM ATP and then eluted with a linear gradient of increasing NaCl concentration (from 0.1-0.4 M in buffer A-2 UM ATP). High specific activity protein kinase fractions were pooled. In some preparations, a second chromatography on CM-Sepharose CL-6B was carried out in order to achieve specific protein kinase activities of greater than 500 nmol phosphate incorporated/min * mg ofprotein.
RESULTS
Purification of Wheat Germ Casein Kinase. The wheat germ protein kinase purified in this study catalyzes the phosphorylation of casein but not of CBP. Accordingly, we will refer below to this protein kinase as 'casein kinase' and to the distinct wheat germ protein kinase that catalyzes the phosphorylation of CBP and casein as 'CBP kinase.' Table I summaizes the purification of casein kinase from wheat germ. The key step in the purification protocol involves chromatography of the initial high speed supernatant through a caseinSepharose 4B column-of47,000 mg of protein (from 500 g wheat germ) in the supernatant applied to the column, only 52 mg are retained in the casein kinase fraction (Table I) . Because of the presence in the starting supernatant ofmany potentially interfering agents (and a multiplicity of protein kinases), one cannot determine the yield of the casein kinase from this initial affinity chromatography step. Indeed, there is an apparent 2-fold increase in casein kinase activity after this step (Table I ). However, a maximum estimate of the purification achieved (assuming no loss of casein kinase activity at this stage) is about 1,000-fold. The bulk ofthe casein kinase is eluted from the casein-Sepharose 4B column by 0.5 M NaCl-buffer A; only about 20o of the total retained casein phosphorylating activity is eluted in the prior 0.2 M NaClbuffer A washing. Extensive washing of the column with 0.2 M NaCl-buffer A was required to achieve high specific activities of the bulk casein kinase and to remove a large proportion (80%o of total) of CBP kinase. When a 0.2 M NaCl-buffer A wash of the (2) casein-Sepharose 4B column was not employed, the specific activity of the casein kinase eluted in 0.5 M NaCl-buffer A was only about 7 nmol/min .mg protein as opposed to 29 ± 5 nmol/min. mg protein (mean ± SD from five preparations) obtained after extensive washing in 0.2 M NaCl-buffer A. After affinity chromatography on casein-Sepharose 4B, the active bulk casein kinase fractions were concentrated by ultrafiltration prior to gel filtration. Concentration by ultrafiltration resulted in yields of greater than 50%1o. Subsequent gel filtration on Ultrogel AcA 34 in 0.25 M NaCIbuffer A resolved one major peak of casein kinase activity ( Fig.   1 ). ATP (2 Mm) was included in the buffers from this gel fitration step onwards since high specific activity preparations of wheat germ casein kinase resolved by Rychlik and Zag6rski (22) were stabilized by inclusion of ATP. The present casein kinase preparation loses all activity in 1 week at 4°C in the absence of ATP. In the final purification step, the casein kinase was eluted from CM-Sepharose CL-6B with a linear gradient of increasing NaCl concentration. At pH 8.0, the peak casein kinase is eluted with a major peak of Amso at about 0.2 M NaCl concentration; constant specific protein kinase activity is obtained on the trailing edge of the peak (Fig. 2) . In some preparations, a second gradient elution from CM-Sepharose CL-6B was required to achieve specific activities of about 500 nmol/min .mg of protein (Table I ). The maximum specific activity observed for a final preparation of casein kinase was 656 nmol/min .mg protein. The E2AV for the purified casein kinase is 0.61 ± 0.02 (mean ± SD from six determinations).
The purification protocol consistently yielded final preparations with specific activities of about 500 nmol phosphate incorporated/ min .mg protein as measured in the standard assay with dephosphorylated casein as the protein substrate. Final preparations were devoid of significant CBP kinase activity-this was largely removed at the casein-Sepharose 4B stage with further traces eluting just prior to the peak of casein kinase on both gel filtration on Ultrogel AcA 34 and gradient elution from CM-Sepharose 4B.
These preparations lose 29%o of activity in 1 week at 40C.
Molecular Size and Subunit Composition of Casein Kinase. The apparent molecular size of casein kinase is 30,000 ± 3,000 (mean ± SD from three determinations) as determined from gel filtration on an Ultrogel AcA 34 column (4.0 cm2 x 70 cm) in 0.25 M NaClbuffer A. The Ultrogel AcA 34 column was eluted with buffer A containing 0.25 M NaCl to avoid possible protein aggregation and was calibrated by determining the elution volumes of proteins of known mol wt including pyruvate kinase, fumarase, aldolase, BSA, ovalbumin, myoglobin, and Cyt c. Typically, SDS-polyacrylamide gel electrophoresis revealed one major band (mol wt 31,000 ± 1,000) (Fig. 3B) as well as traces of higher mol wt polypeptides (e.g. Fig. 3C ). In many electrophoretic resolutions, the 31,000 D polypeptide zone was composed of two barely resolved bands (mol wt difference <500) (Fig. 3C) . The intensity of the 31,000 D polypeptide band on SDS-polyacrylamide gels correlates with casein kinase activity when samples through the enzyme peak from CM-Sepharose CL-6B are subjected to electrophoresis (Fig. 3, A and B) . This is consistent with the 31,000 D polypeptide being the casein kinase subunit. In addition, the 31,000 D polypeptide is the major polypeptide present in purified preparations and has a mol wt the same as the mol wt ofthe native casein kinase (as determined from gel filtration). The present evidence therefore suggests that the casein kinase has a mol wt of about 30,000 and is composed of one subunit.
Effects of pH, Dlvalent Cations, and Ionic Strength on Casein Kinase Activity. The casein kinase shows maximal activity at pH 7.9 and 50%1o of maximum activity at pH values of 4.4 and 9.4 (Fig. 4) (Fig. 6 ). In contrast, CBP kinase is inhibited 55% by 100 mm Na-or K-acetate in these conditions in the presence of75 mm NaCl (see Ref. 16) ; in identical assay conditions at 75 mm NaCl concentration, 100 mm Na-acetate inhibited casein kinase by only 12%. Substrate Specificity of Casein Kinase. Table II shows the substrate specificity of the casein kinase. Casein, phosvitin, and cABPII are phosphorylated by the purified casein kinase, which has absolute dependence on added protein substrate for activity (Table II) . Neither BSA nor a preparation of calf thymus histones are phosphorylated by the casein kinase (Table II) The protein inhibitor of animal cyclic AMP-dependent protein kinase (4) does not inhibit the casein kinase when included in the standard assay at I mg/ml. In contrast, hemin, which inhibits cyclic AMP-dependent protein kinase and the phosphorylation of eukaryote initiation factor 2 (14, 23) , completely inhibits the casein kinase when present at I mg/ml. In experiments involving 5 mi preincubation before assay, 10 mM DTT, 10 mM 2-mercaptoethanol, and I mm iodoacetamide have no significant effect on the casein kinase activity, but 0.1 and 1.0 mM concentrations of Nethylmaleimide inhibit by 31% and 79%, respectively.
A search was made for compounds that might differentially inhibit the casein kinase and CBP kinase from wheat germ. Table  III shows that CBP kinase activity with ATP as phosphoryl donor and casein as substrate is more sensitive to inclusion of other nucleoside 5'-triphosphates, guanosine, and of ferrocyanide or ferricyanide than is the casein kinase in the same conditions. The concentrations for 50% inhibition of CBP kinase by ferricyanide and ferrocyanide are 0.4 and 0.17 mm, respectively. Conversely, casein kinase is more sensitive to inhibition by hemin (50% inhibition at 0.12 mM) than is CBP kinase (50% inhibition at 0.25 mM hemin). Casein kinase is more sensitive to inclusion in the assay of 5'-ADP or adenosine (Table III) . The concentration for 50% inhibition of casein kinase by adenosine is 100 IM at which concentration there is no inhibition of CBP kinase (Table III) .
DISCUSSION
The affinity chromatography-based purification procedure for the casein kinase described here yields the highest specific activity plant protein kinase preparations yet reported. The specific activities obtained approach the value of approximately 1 umol/min. mg protein obtained with homogeneous preparations of the catalytic subunit of mammalian cyclic AMP-dependent protein kinase (20) . The best specific activity of the casein kinase obtained here (656 nmol/min-mg protein) is less than the specific activities of homogeneous calf thymus casein kinases I and II (847 and 1220 units, respectively) (3) but greater than the specific activities of apparently pure soybean casein kinases I and II (332 and 347 units, respectively) (6) or ofthe wheat germ protein kinase purified by Rychlik and Zag6rski (215 units) (22) . The yield of purified kinase from the present affinity-based purification procedure (44 WHEAT-GERM PROTEIN KINASE (Fig. 3) . The present casein kinase is inhibited by very high (nonphysiological) concentrations of cyclic AMP as is CBP kinase (16) and a protein kinase activity in wheat germ that catalyzes the phosphorylation of protein synthesis initiation factor eIF-2 (19) . However, the latter enzyme, unlike CBP kinase (16) and the casein kinase, is insensitive to N-ethylmaleimide (19) . We have previously reported the phosphorylation of casein and cABPII by three wheat germ protein kinase fractions (15) . However, these fractions were very impure (specific activities, 0.2-3.0 nmol/min-mg) and were isolated in low yield (2 nmol/min. 100 g as compared to 44 nmol/min. 100 g for the present purified casein kinase) i.e. the present casein kinase would have been largely eliminated in the isolation procedure. Further, these protein kinase fractions, unlike the present casein kinase, catalyze the phosphorylation of CBP (16) . The wheat germ casein kinase described here has an apparent native mol wt of 30,000 as compared to a mol wt of 55,000 for a chromatin-associated casein kinase from soybean (1 1) and 39,000 for a casein kinase from cauliflower nuclei (12) . The latter enzymes, unlike the wheat germ casein kinase, are activated by low concentrations of Mn24 (11, 12) . Hemin gives 50%o inhibition of the casein kinase at 120 um and 50%o inhibition of the catalytic subunit of beef heart cyclic AMP-dependent protein kinase at 35/IM (23) . However, the protein inhibitor of the latter enzyme (4) does not inhibit the wheat germ kinase. The wheat germ casein kinase, like all protein kinases isolated from plants to date, is not activated by cyclic AMP. The wheat germ casein kinase is distinct in native mol wt (30,000) from casein kinases NI (23,000) and NII (85,000) from tobacco leaves (5) and from casein kinase I (mol wt 39,000) and casein kinase II (mol wt 120,000) from soybean cotyledons (6) .
The only endogenous substrate for the wheat germ casein kinase that we have purified to date is the cyclic AMP-binding protein cABPII (15) . The relatively low rates of phosphorylation of cABPII catalyzed by the purified casein kinase cannot be due to contaminating CBP kinase-for which enzyme cABPII is a good substrate (16)-since casein kinase preparations phosphorylating cABPII had no detectable activity with CBP as substrate (Table  II) . Although it is not known whether cABPII or CBP are phosphoproteins in nature, both these proteins are phosphorylated in vitro by CBP kinase (16) , and cABPII is phosphorylated by both the casein kinase and CBP kinase. We are currently employing purified casein kinase in attempts to resolve further endogenous substrates and to search for possible endogenous regulators of this enzyme.
